Leptophilic Effective WIMPs by Chang, Spencer et al.
Leptophilic Effective WIMPs
Spencer Chang∗, Ralph Edezhath†, Jeffrey Hutchinson†, and Markus Luty†
∗Institute of Theoretical Science, University of Oregon
Eugene, Oregon 97403
†Physics Department, University of California, Davis
Davis, California 95616
Abstract
Effective WIMP models are minimal extensions of the standard model that
explain the relic density of dark matter by the “WIMP miracle.” In this
paper we consider the phenomenology of effective WIMPs with trilinear
couplings to leptons and a new “lepton partner” particle. The observed
relic abundance fixes the strength of the cubic coupling, so the parameters
of the models are defined by the masses of the WIMP and lepton partner
particles. This gives a simple parameter space where collider and direct
detection experiments can be compared under well-defined physical min-
imality assumptions. The most sensitive collider probe is the search for
leptons + MET, while the most sensitive direct detection channel is scat-
tering from nuclei arising from loop diagrams. Collider and direct detection
searches are highly complementary: colliders give the only meaningful con-
straint when dark matter is its own antiparticle, while direct detection is
generally more sensitive if the dark matter is not its own antiparticle.
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1 Introduction
The observation of dark matter is an unambiguous discovery of physics beyond the
standard model. The simplest and most compelling explanation for dark matter is a
stable thermal relic, a weakly interacting massive particle (WIMP). Assuming that
it freezes out by annihilation to standard model particles via dimensionless order-
1 couplings, the correct relic density is obtained for dark matter masses of order
100 GeV to 1 TeV. This “WIMP miracle” means that dark matter can potentially be
directly produced and studied at high-energy collider experiments such as the LHC.
At the same time, this coupling allows for direct detection of astrophysical dark matter
through its interactions with ordinary matter. It is one of the most ambitious dreams
of particle physics to be able to discover dark matter in both types of experiment,
and make a direct comparison to properties of dark matter inferred from cosmology
and astrophysics.
There are many well-motivated models of physics beyond the standard model
that have a WIMP candidate (for example, the minimal supersymmetric standard
model), but comparing collider and direct detection sensitivity is generally model-
dependent due to the large number of independent parameters in these theories. In
a previous paper [1], we proposed a class of minimal models where it is assumed that
the only particles beyond the standard model that are important for dark matter
phenomenology consist of the WIMP and a standard model “partner” particle with
the same gauge quantum numbers as one of the standard model particles. This allows
a cubic coupling of the form
∆L ∼ λ(SM)(S˜M)(DM), (1.1)
where DM denotes the dark matter particle and SM (S˜M) denote the standard model
field and its partner, respectively. The coupling λ is fixed by requiring the correct
relic abundance, so the only parameters in this model are the masses of the WIMP
and the standard model partner particle, once the spin and CP properties of the dark
matter is fixed. This gives a well-defined and complete effective theory for dark matter
phenomenology, motivating the name “effective WIMP” for this class of models. In
particular, it allows direct comparison of the collider and direct detection searches for
dark matter under well-defined physical minimality assumptions.
Ref. [1] analyzed the phenomenology in the case where the standard model particle
and its partner are colored. In this case collider and direct detection experiments were
found to be highly complementary. Similar models were also studied in Refs. [2–5].
The major difference in our work is that we focus on the parameter space where the
WIMP has the correct thermal relic abundance. This has important implications for
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the global picture. For example, Ref. [1] found that the coupling λ is enhanced in
some regions of parameter space, leading to increased sensitivity for collider and direct
detection searches. On the other hand, the relic abundance constraint eliminates
regions of parameter space where indirect detection limits are important. There has
also been other approaches to simplified dark matter such as s-channel mediators [6–8]
and dark matter with electroweak interactions [9, 10].
In this paper, we consider effective WIMP models where the standard model par-
ticle is a lepton (e, µ, τ or their corresponding neutrinos). In this case, the collider
constraints come from the pair production of lepton partners followed by their decay
into a WIMP plus a lepton or neutrino, and so the collider constraints are inde-
pendent of the value of λ. Once again, we find that collider and direct detection
experiments are highly complementary. The direct detection constraints depend on
λ, with the dominant interactions coming from loop diagrams to a photon. The type
of interactions allowed depend on whether the dark matter is its own antiparticle,
which strongly affects the scattering rate. If the dark matter is its own antiparticle,
the only meaningful constraints come from collider experiments, while in the opposite
case direct detection experiments are generally more sensitive. There is a significant
region of parameter space where both future collider and direct detection experiments
can see a signal.
Imposing the relic abundance constraints has an important effect on the direct
detection phenomenology. In particular, these constraints extend into the regime of
large lepton partner masses because the coupling λ becomes large in this region to
get the correct relic abundance. Imposing the relic abundance constraint also implies
that constraints from indirect detection are not important.
The models that we consider are listed in Table 1. We consider couplings to
left-handed lepton doublets only, since the phenomenology of right-handed leptons is
essentially a subset of this case. Note that this fixes the production rate at colliders
which leads to slightly stronger constraints than the right-handed lepton partner
case. We consider both the cases where the dark matter couples to only the first two
generations of leptons, as well as the case where it couples to all generations. We find
that the differences between them are small, as one might expect.
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Particles LintDark matter χ Lepton partner L
Majorana fermion Complex scalar λ(χ`)L∗ + h.c.
Dirac fermion Complex scalar λ(χ`)L∗ + h.c.
Real scalar Dirac fermion λ(Lc`)χ+ h.c.
Complex scalar Dirac fermion λ(Lc`)χ+ h.c.
Table 1. Summary of the models considered in this paper. Spinors are written
in 2-component notation. Here ` is the left-handed lepton doublet of the standard
model, L is the lepton partner field, and χ is the dark matter field.
2 General Features
2.1 Relic Abundance
The relic abundance of non-baryonic matter is accurately determined by cosmological
constraints to be Ωχh
2 = 0.1199 ± 0.0027 [11]. We assume that the dark matter is
entirely composed of the WIMP in our model, denoted henceforth by χ. Under
the assumption that χ particles were in thermal equilibrium in the early universe,
its present relic density is determined by freeze-out from the annihilation process
χχ¯ → `¯` shown in Fig. 1. The relic abundance is determined by the thermally
averaged annihilation cross section 〈σ(χχ¯→ ¯`` )v〉 at temperatures Tf ∼ mχ/25. The
dark matter velocity during annihilation is v2 ∼ 0.1, so we can expand
σ(χχ¯→ ¯`` )v = a+ bv2 +O(v4). (2.1)
Approximate formulas for the relic density in terms of these parameters are given in
Appendix A. The coefficients a and b represent s-wave and p-wave contributions, and
are computed in each model below.
χ
χ
L
`
¯`
Fig. 1. Feynman diagram contributing to dark matter freeze-out
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2.2 Collider Limits
The dark matter can be produced at colliders by Drell-Yan production via an in-
termediate W , Z, or γ. The relic abundance constraint means that the coupling
λ is always sufficiently large that the lepton partner decays promptly. The collider
phenomenology is therefore independent of λ, and depends only on the masses and
the spin of the new particles. The charged lepton partners decay to ` χ, while the
neutral lepton partners decay invisibly to ν χ, so there are signal events with 0, 1, or
2 charged leptons. This paper focuses on the dilepton channel, but we make some
brief remarks about the other channels below.
The totally invisible channel can be probed by monojet searches, but requiring
a jet from initial state radiation leads to a small rate with weak constraints. The
1 lepton + MET channel has been searched for in the context of W ′ models [12].
We have checked that the event rates for lepton partner production are too small to
provide the most important collider constraints in this channel, even in the case of
fermionic lepton partners which have the largest rate.
We therefore turn to the dilepton plus MET channel. This has been searched for
by both ATLAS [13] and CMS [14], which very helpfully have cross section limits as
a function of the particle masses. We use the most recent ATLAS results for this
paper. The event rates were calculated at parton level using MadGraph5 v1.5.11 [15].
The MadGraph model files were generated using FeynRules v1.6.0 [16].
q
q¯
γ/Z
L
L¯
Fig. 2. Feynman diagram contributing to leptons + MET signal at colliders.
The ATLAS search was for sleptons, which have a lower cross section than fermionic
lepton partners with the same mass. They report limits on σ × BR only for slepton
masses up to ∼ 350 GeV and dark matter masses up to ∼ 200 GeV, but their search
should be sensitive to fermionic lepton partners beyond this range. We extrapolate
the ATLAS search in the following way. The maximum allowed σ × BR is expected
to depend mainly on mL − mχ, which controls the pT of the lepton and the MET.
The bound gets weaker for small values of mL−mχ, so we fitted the reported ATLAS
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Fig. 3. Extrapolation of limits for 2 lepton
+ MET search as a function of mL for fixed
mχ, compared with ATLAS reported limits.
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Fig. 4. Extrapolation of limits for 2 lepton
+ MET search as a function of mχ for fixed
mL, compared with ATLAS reported limits.
results to the function
(σ × BR)limit = a+ be−c(mL−mχ). (2.2)
This works well over the range reported by ATLAS, as can be seen in Figs. 3 and 4.
The CMS search has limits for a larger mass range, but we find it has weaker limits
than the extrapolated ATLAS limits, so we use the latter in our plots.
2.3 Direct Detection
For dark matter interacting with leptons, there are important modifications to the
sensitivity of direct detection experiments. To couple to the nucleus, interactions
occur at loop level through induced electromagnetic form factors of the dark matter
[17], such as a charge radius or magnetic moment. There have also been analyses of
the possibility of detecting dark matter scattering from electrons in the atoms [18–20]
with a published limit using XENON10 data [21]. However, these processes are more
important for dark matter masses below a GeV, where the dark matter has insufficient
kinetic energy to give detectable (∼ keV) nuclear recoil energies.
In this paper, we focus on dark matter heavier than a GeV, so from now on we will
consider only scattering with the nucleus. The leading WIMP-nucleus interactions
arise at 1-loop level through diagrams of the form Fig. 5. This gives rise to interactions
to the photon through a charge radius operator
Lcharge radius =
{
2bχ ∂µχ
∗∂νχF µν (complex scalar DM)
bχ χ¯γνχ∂µF
µν (Dirac fermion DM)
(2.3)
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and a magnetic moment operator for the Dirac fermion
Lmagnetic moment = µχ
2
χ¯∗σµνχF µν (Dirac fermion DM). (2.4)
See sections A.1 and A.2 in the appendix for detailed results of our calculation of these
coefficients. As a check, we confirmed that our formulas agree for the Dirac fermion
case with [22, 23] in the relevant limits. Of the two contributions to the scattering
of a Dirac fermion, the charge radius is typically larger because the charged radius
strength has a logarithmic enhancing factor of ln(m2L/m
2
`) ∼ 10. The scattering cross
section from this operator is given by
dσbχ
dER
=
mN
2piv2
Z2e2b2χF
2[ER] (2.5)
where F [ER] is the nucleus charge form factor. This is a spin-independent interaction,
so we use the current best limits from LUX’s 85.3 day run [24]. We also use projected
sensitivities for XENON1T taken from DMtools [25].
When the dark matter is its own antiparticle, symmetry requires the charge radius
and magnetic moment to vanish. For real scalar dark matter, there is no magnetic
moment because it is spin-0, and the charge radius operator vanishes due to anti-
symmetry of the field strength tensor. Therefore there is no 1-loop contribution in
this case. The leading interaction with nuclei arises from 2-loop interactions such as
the one shown in Fig. 6. The additional suppression reduces the WIMP-nucleus cross
section to well below current limits.
For Majorana dark matter, the vector and tensor operator are zero, so the dipole
moment and the charge radius vanish. The leading interaction comes from an anapole
moment operator of the form
χ¯γ5γµχ ∂νF
µν , (2.6)
which also leads to a cross section below direct detection limits, except for the case
where the dark matter and lepton partner are extremely degenerate, as discussed
recently in [26]. See §A.3 and A.4 in the appendix for more details on the direct
detection for Majorana and real scalar dark matter.
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Fig. 5. Schematic 1-loop contributions for direct detection. There are also diagrams where the
lepton-partner (L) and lepton (`) are interchanged.
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Fig. 6. Schematic 2-loop contributions to direct detection scattering. There are also diagrams
where the lepton-partner (L) and lepton (`) are interchanged and where the photons are crossed.
As will be shown later, direct detection experiments provide the most stringent
limits for Dirac fermion or complex scalar dark matter. These limits extend to ex-
tremely high masses in two regions of parameter space: near mL ∼ mχ and mL  mχ.
In the first region the particles are nearly degenerate, and there is an enhancement
due to the possibility of the virtual partner particle going (nearly) on-shell in Fig. 5.
This can be seen in the charge radius Eq. (A.5) which diverges in the limit mχ → mL.
On the other hand, for the mL  mχ region, the direct detection constraint remains
strong because the coupling λ is required to become larger to obtain the observed
relic abundance. Fixing the dark matter mass, the annihilation cross section requires
the interaction strength to scale as
λ4 ∼ 4piσannm
4
L
m2χ
. (2.7)
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Model
Relic Abundance Direct Detection
χ L
Majorana fermion Complex scalar
a ∼ m2`
λ ∼ 0.5− 3 Anapole Scattering
Dirac fermion Complex scalar λ ∼ 0.2− 1 One loop charge radius
σSI
mLmχ∼ m2p
m2χ
σann
Real scalar Dirac fermion
a, b ∼ m2`
λ ∼ 1− 7
Two loop scattering
through two photons
Complex scalar Dirac fermion
a ∼ m2`
λ ∼ 0.5− 3
One loop charge radius
σSI
mLmχ∼ m2p
m2χ
σann
Table 2. Overview of results for relic abundance and direct detection for the
various models.
At large mL, the charge radius is given by
bχ ∼ λ
2e
16pi2m2L
[
1 +
2
3
ln
m2`
m2L
]
∼ e
√
4piσann
16pi2mχ
[
1 +
2
3
ln
m2`
m2L
]
(2.8)
Thus, aside from the logarithm, the increase in mL does not change the charge radius
or the scattering cross section, leading to an asymptotic limit on mχ.
2.4 Indirect Detection
In these models, the dark matter in our galaxy will annihilate into charged leptons and
neutrinos with a cross section bounded by that required by the relic abundance. So
all of these annihilation cross sections are bounded 〈σ(χχ¯→ ¯`` )v〉 ≤ 3×10−26 cm3/s.
The only indirect detection constraints that are sensitive to such a cross section is
annihilation into tau leptons. These are constrained by the resultant gamma ray
production from the tau decays that could have been seen by Fermi observations of
Milky Way satellites [27, 28]. These set an upper limit on the dark matter mass,
which is sensitive to systematic uncertainties of the dark matter distribution of these
objects. The analysis [27] shows that this uncertainty allows the limit to range from
mχ < 13 − 80 GeV. So there is a limit for models coupling to the third generation
leptons but there are significant uncertainties, so we choose to omit it from our later
plots.
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2.5 Muon Anomalous Magnetic Moment
The anomalous magnetic moment of the muon aµ receives corrections from loops of
χ and L particles in our models. There is nominally a ∼ 3σ discrepancy between the
measured value of aµ and the value predicted in the standard model (for a review,
see [29]). However, there are large theoretical uncertainties, particular in the light-
by-light scattering which can only be estimated from strong interaction models [29].
Our point of view is that corrections to aµ that make the discrepancy significantly
worse can be used to constrain new physics, but we do not believe that regions that
reduce the discrepancy are favored.
The contributions to the photon-muon-muon amplitude are parameterized as
M = ieu¯
(
γλ + (aSMµ + δaµ)
iσλβqβ
2mµ
)
uλ (2.9)
We can read off the contributions from the calculations in supersymmetric models,
computed in Ref. [30]. For fermionic dark matter, χ is identified as a neutralino, and
L is identified as a slepton, and we obtain
δaµ,fermion = −
λ2m2µ
192pi2m2L
2
(1− rL)4
(
1− 6rL + 3r2L + 2r3L − 6rL ln(rL)
)
(2.10)
where rL = m
2
χ/m
2
L. Note that this contribution is in the opposite direction of the
observed discrepancy. For scalar dark matter, χ is identified as a sneutrino, and L is
identified as a chargino, and we obtain
δaµ,scalar =
λ2m2µ
192pi2m2χ
2
(1− r−1L )4
(
2 + 3r−1L − 6r−2L + r−3L − 6r−1L ln(rL)
)
(2.11)
This contribution is in the same sign as the observed discrepancy. For both scalar and
fermion dark matter, these contributions are comparable to the observed discrepancy
only for very light dark matter, <∼ 10 GeV. We focus on heavier dark matter, and
therefore do not consider these constraints when presenting our results.
3 Results
3.1 Dirac Dark Matter
The collider and direct detection constraints for Dirac dark matter are shown in
Fig. 7 for the coupling to the first two generations of leptons, and in Fig. 8 for the
coupling to all three generations. The results of these two cases are very similar, and
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probably within the errors of the bounds. A collider limit on τ partners would give
an additional probe of the model that couples to all generations of leptons.
The dominant direct detection constraint comes from WIMP-nucleus scattering.
The contribution from the charge radius operator Eq. (2.5) dominates over the con-
tribution from the dipole operator Eq. (A.9). This is a spin-independent interaction,
so we use the limits from LUX. The LUX limits are strong in the degenerate region
mχ ' mL. But this is also the region where co-annihilation effects are important,
so our results are not reliable. As discussed earlier, at large mL there is a asymp-
totic limit on mχ due to the increase in the interaction strength as mandated by the
relic abundance constraint. Although we focus on heavy dark matter, we note that
dark matter masses below approximately 8 GeV are not ruled out by LUX because
the smaller energy deposit results in reduced sensitivity and there should then be an
allowed region for LUX at light enough dark matter mass.
The projected limits for XENON1T extend to dark matter masses up to approxi-
mately 650 GeV, covering essentially the entire parameter space shown in Figs. 7 and
8. Thus, if XENON1T sees no excess, then we should not expect to see any lepton
partner signals in the next run of the LHC. However, there is still a large viable region
around the elbow of the LUX limit where we could have future correlated signals at
XENON1T and LHC.
Fig. 7. Limits on Dirac dark matter coupling to first 2 generations of leptons only.
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Fig. 8. Limits on Dirac dark matter coupling to all 3 generations of leptons.
3.2 Complex Scalar Dark Matter
The collider and direct detection constraints for complex scalar dark matter are shown
in Fig. 9 for the coupling to the first two generations of leptons, and in Fig. 10 for the
coupling to all three generations. The results of these two cases are very similar, and
probably within the errors of the bounds. The collider limits are stronger than for
scalar lepton partners because of the larger production cross section. As discussed in
the main text, the ATLAS dilepton search does not report bounds for the full range
of sensitivity. We show both the reported and extrapolated bounds and it is clear
that there should be sensitivity to higher partner masses. In fact, our extrapolation
shows that it could be stronger than the LUX direct detection bounds.
As in the Dirac dark matter case, the LUX bounds are strong both in the degen-
erate region and the region of large mL. Again, dark matter masses below 8 GeV
are not constrained. The projected XENON1T sensitivity covers the entire parameter
space shown in Figs. 9 and 10, and extend up to dark matter masses of approximately
1 TeV. Once more there is viable parameter space which will be covered by future
LHC data and direct detection experiments.
This model can account for the observed discrepancy in the muon anomalous mo-
ment for 2.2 GeV < mχ < 7.3 GeV for dark matter coupling to the first 2 generations
of leptons, and 1.8 GeV < mχ < 5.0 GeV for coupling to all 3 generations of lep-
tons. Given the theoretical uncertainties in the standard model prediction for the
11
Fig. 9. Limits on complex scalar dark matter coupling to first 2 generations of
leptons.
Fig. 10. Limits on complex scalar dark matter coupling to all 3 generations of
leptons.
anomalous magnetic moment, we do not believe this region of parameters is strongly
preferred, but it is intriguing that this is the region where the direct detection con-
straints are weak. However, to be consistent with the ATLAS search pushes one to
the strong coupling region at larger mL where λ > 3 and thus these leading order
results are not expected to be reliable.
12
3.3 Real Scalar and Majorana Dark Matter
The collider bounds for the real scalar (Majorana) dark matter are identical to the
bounds for complex scalar (Dirac) dark matter. This is because the only production
mechanism is via the coupling to a photon or Z, so the bounds are independent of
the coupling λ.
The dominant direct detection cross section arises from 2-loop diagrams contribut-
ing to WIMP-nucleus scattering, and these are orders of magnitude below current and
projected experimental limits. Following the discussion in [26], Majorana dark matter
has an anapole moment which normalized to the Bohr magneton is A
µN
∼ 10−6 fm or
smaller in the thermal relic parameter space. As inferred in [26], the LUX limits are
sensitive to values ∼ 10−5 fm or higher. Even with projected XENON1T sensitiv-
ity, we find that this will not place limits on this model either. For real scalar dark
matter, the direct detection must go through two photons as shown in Fig. 6, which
leads to an extremely suppressed cross section below 10−53 cm2, which will never be
reached by any future experiment.
4 Conclusions
We have considered minimal extensions of the standard model containing electroweak
singlet dark matter with renormalizable couplings to leptons and lepton “partner”
particles. These models naturally explain the observed relic abundance of dark matter
by the “WIMP miracle.” The strength of the coupling is fixed by requiring the correct
relic abundance, so these models are parameterized only by the masses of the dark
matter and the lepton partner particles. This gives a simple model where direct
detection and dark matter searches at colliders can be compared under well-defined
physical minimality assumptions.
Previous studies focused on effective WIMPs coupled to colored standard model
particles, while this paper focuses on effective WIMPs coupled to leptons. As in the
previous case, we find that collider and direct detection experiments are remarkably
complementary. The collider limits depend only on the spin and masses of the parti-
cles, and not whether dark matter is its own antiparticle. The dominant constraint
comes from the dilepton plus MET channel. We find that the mono-lepton channel
is less sensitive in these models.
Direct detection experiments place interesting bounds only in the case where the
dark matter is not its own anti-particle, i.e. Dirac or complex scalar dark matter. In
these cases, current direct detection limits are generally stronger than collider limits,
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although there is an interesting region near mχ ∼ mL/2, where collider limits are
competitive or stronger. In this region, it is possible to discover the dark matter
in both future collider and direct detection experiments. In particular, the next
generation of direct detection experiments (e.g. XENON1T) will be sensitive to the
bulk of parameter space.
However, if the dark matter is its own antiparticle (i.e. Majorana or real scalar
dark matter) the direct detection bounds are well below the reach of current and
next generation experiments, while the collider bounds are unaffected. In this case,
leptophilic effective WIMPs can be discovered only in collider experiments.
Note: As this work was being completed Ref. [31] appeared, which analyzes the
same models without the relic abundance constraint and makes projections for lepton
partner reaches at the 14 TeV LHC.
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Appendix A: Model Details
A.1 Dirac Dark Matter
Relic Density: The relic density is determined by the velocity-averaged annihila-
tion cross section 〈σv〉 which is commonly parametrized by the coefficients
〈σv〉 ' a+ bv2
In this model, for the annihilation cross section χχ† → ``†, a and b are found to be
a =
m2χ
√
1− rλ4
32pi
(
m2L −m2χ(r − 1)
)2 (A.1)
b =
λ4m2χ
768pi
(
m2L −m2χ(r − 1)
)4√
1− r
[
m4L
(
8− 7r + 2r2)
+m4χ(r − 1)2
(−8 + 9r + 2r2)+ 2m2Lm2χ (−12 + 13r + r2 − 2r3) ] (A.2)
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To lowest order in r = m2l /m
2
χ,
a
r→0' λ
4m2χ
32pi
(
m2L +m
2
χ
)2 (A.3)
b
r→0' −λ
4m2χ
(−m4L + 3m2Lm2χ +m4χ)
96pi
(
m2L +m
2
χ
)4 (A.4)
so the cross section is not s-wave suppressed.
Direct Detection: One loop diagrams of the form, Fig. 5 give rise to a charge
radius, bχ, and dipole moment, µχ.
bχ =
eλ2
32pi2
∫ 1
0
dw
[
((3w3 − 3w2 + 3w − 2)∆1 − (w − 1)3(w2m2χ −m2l ))
6∆
2
1
−m2χ
w2(2w2 − 3w + 1)
3∆
2
1
− w(w − 1)
2∆1
]
(A.5)
and
µχ =
eλ2mχ
32pi2
∫ 1
0
dw
[
−w(w − 1)
∆1
]
. (A.6)
where
∆1 ≡ w(w − 1)m2χ + (1− w)m2l + wm2l˜ . (A.7)
For the case of the electron partner, we replace me with 40 MeV since the minimum
momentum transfer to the Xenon target at LUX is of this size, which cuts off the
logarithmic divergence in the charge radius.
These lead to a scattering cross section from the charge radius interaction,
dσbχ
dER
=
mN
2piv2
Z2e2b2χF
2[ER] (A.8)
and the magnetic dipole moment interaction,
dσDZ
dER
=
Z2e2
4piER
µ2χ[1−
ER
v2
(
1
2mN
+
1
mχ
)]F 2[ER] (A.9)
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A.2 Complex Scalar Dark Matter
Relic Density:
a =
λ4m2χ(1− r)3/2r
16pi
(
m2L −m2χ(r − 1)
)2 (A.10)
b =
λ4m2χ
√
1− r
384pi
(
m2L −m2χ(r − 1)
)4[m4χ(r − 1)2(9r2 − 18r + 8)
− 2m2Lm2χ(9r3 − 31r2 + 30r − 8) +m4L(9r2 − 2r + 8)
] (A.11)
To lowest order in r we get,
a
r→0' λ
4m2χr
16pi(m2L +m
2
χ)
2
(A.12)
b
r→0' λ
4m2χ
48pi
(
m2L +m
2
χ
)2 (A.13)
exhibiting the chiral suppression of a.
Direct Detection: One loop diagrams of the form, Fig. 5 give rise to a charge
radius, bχ,
bχ =
eλ2
32pi2
∫ 1
0
dw
[
w3(∆1(6− 4w) + w(m2χ(w − 1)2 +m2L))
12∆
2
1
− (m2L ↔ m2l )
]
. (A.14)
where
∆1 ≡ w(w − 1)m2χ + (1− w)m2l + wm2l˜ (A.15)
Again, for the case of the electron partner, we replace me with 40 MeV since the log
divergence is cut off by the minimum momentum transfer to the Xenon target. The
charge radius scattering cross section is,
dσbχ
dER
=
mN
2piv2
Z2e2b2χF
2[ER] (A.16)
A.3 Real Scalar Dark Matter
Relic Density:
a =
m2χ(1− r)3/2rλ4
4pi
(
m2L −m2χ(r − 1)
)2 (A.17)
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b =
m2χ
√
1− rr (9m4Lr +m4χ(r − 1)2(−16 + 9r)− 2m2Lm2χ (16− 25r + 9r2))λ4
96pi
(
m2L −m2χ(r − 1)
)4
(A.18)
Both a and b vanish as r → 0. To lowest order,
a
r→0' r m
2
χλ
4
4pi
(
m2L +m
2
χ
)2 (A.19)
b
r→0' −rm
4
χ
(
2m2L +m
2
χ
)
λ4
6pi
(
m2L +m
2
χ
)4 (A.20)
Direct Detection: The 2-loop contribution to the scattering cross section can be
estimated using the effective operators from the relic density calculations. After
integrating out L,
Leff ∼
∑
l
flmlχ
2l¯l (A.21)
where,
fl =
λ2
2(m2L −m2χ)
. (A.22)
Ref. [19] estimated the 2-loop contribution in the context of effective operators, from
which we obtain
dσ
dER
=
(
αEMZ
2
)4
ER
v2
(
2m2l λ
4
3pi(m2L −m2χ)2
)
F˜ (q) (A.23)
where F˜ (q) is the form factor for two photon scattering.
In comparison, dσ
dER
is O(108) times smaller for Real Scalar dark matter than for
Dirac dark matter across the parameter space of interest, far below current experi-
mental limits.
A.4 Majorana Dark Matter
Relic Density:
a =
m2χ
√
1− rrλ4
32pi
(
m2L −m2χ(r − 1)
)2 , (A.24)
b =
λ4m2χ
768pi
(
m2L −m2χ(r − 1)
)4√
1− r
[− 2m2Lm2χr (22− 35r + 13r2)
+m4L
(
16− 26r + 13r2)+m4χ(r − 1)2 (16− 10r + 13r2) ] (A.25)
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Thus, in the massless quark limit, the s-wave vanishes and we have the leading order
results
a
r→0' m
2
χrλ
4
32pi(m2L +m
2
χ)
2
(A.26)
b
r→0' λ4 m
2
χ
(
m4L +m
4
χ
)
48pi
(
m2L +m
2
χ
)4 (A.27)
Direct Detection: Following [26], the anapole moment for low 4-momentum trans-
fer is given by
A = − eλ
2
96pi2m2χ
[
3
2
log
µ

− 1 + 3µ− 3√
(µ− 1− )2 − 4arctanh
(√
(µ− 1− )2 − 4
µ− 1 + 
)]
(A.28)
where µ =
m2L
m2χ
and  =
m2`
m2χ
. When the 4-momentum transfer |q2| is comparable to the
lepton mass as in the case of electron, the anapole moment is given by
A = − eλ
2
32pi2m2χ
[−10 + 12 log √|q2|
mχ
− (3 + 9µ) log(µ− 1)− (3− 9µ) log µ
9(µ− 1)
]
(A.29)
Scattering due to anapole scattering is much larger than the 2-loop contribution. We
compared to the LUX limits on the anapole moment derived in [26] and found that
this was not a strong constraint on our parameter space even with the improvement
expected for XENON1T.
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